Virus-induced secretion of proinflammatory chemokines (e.g., through the secretion of inflammatory cytokines and che- that stimulate chemokine secretion. This possibility is supMoreover, these data suggest that this may be an important ported by studies that show that UV-inactivated virus, mechanism for the selective secretion of chemokines by viruses (e.g., rhinovirus, respiratory syncytial virus, influenza) that synwhich is nonreplicative, generally has been found to be a thesize dsRNA during replication.
The extract was centrifuged (14, 
NF-B Electromobility Shift Assay
WI) (12). A 682-bp segment of the 5Ј untranslated region (5ЈUTR) of the RV16 genome was excised (XbaI) from the pRV16.11 plasActivation of NF-B was measured by electromobility shift assay, mid and cloned into the pGEM-3Z vector (Promega, Madison, as per the protocol of Miyamoto and colleagues (14) . The NF-B WI) which contains a T7 and an SP6 promoter (pGEM5ЈUTR).
binding reaction was performed in 15 mM Tris pH 7.5, 75 mM 5ЈUTR RNA was synthesized by in vitro transcription from each NaCl, 1.5 mM EDTA, 1.5 mM dithiothreitol, 7.5% glycerol, 0.3% promoter to generate complementary ssRNA. RV16 RNA was IGEPAL CA-630, and 20 g/ml bovine serum albumin with freshly synthesized from the linearized pRV16.11 using T7 RNA polymeradded 50 g/ml poly IC. After a 20-min incubation on ice, the ase. To remove trace amounts of dsRNA, ssRNA was purified end-labeled, double-stranded oligo (5Ј-CTCAACAGAGGGGA through sequential denaturing and nondenaturing gels, eluted, and CTTTCCGAGAGGCAT-3Ј) was added and the reaction was inpurified by phenol/chloroform and ethanol precipitation (13) . The cubated at 25ЊC for 20 min. The complexes were separated on a RNA was quantitated by comparison with known amounts of a 4% native polyacrylamide gel. The gel was dried and exposed to reference standard mRNA after electrophoresis in an agarose gel.
X-ray film. To prepare RV dsRNA, complementary ssRNA from the 5ЈUTR were hybridized and treated with RNAse A to remove any remaining ssRNA. The RNA was purified and quantitated in PKR Western Blot and Kinase Assay the same manner as the ssRNA.
After incubation with poly IC or cytokine activators, BE cells were lysed in buffer containing phosphatase inhibitors, and equal amounts of total protein were subjected to sodium dodecyl sulfate (SDS)/ PKR activity was determined by a kinase assay according to with the liposomal suspension (100 l) of RNA and medium withthe protocol of Williams and colleagues (15). Briefly, BE cells out antibiotics (600 l), the cells were gently washed and incubated were incubated with dsRNA or medium alone, washed, and cell for an additional 24-48 h in fresh medium with antibiotics. Cell lysates were prepared. Protein content was determined using Bradsupernatant fluids were then collected for the quantitation of ford reagent, and the lysates were adjusted to a constant concentra-RANTES and IL-8 protein.
Epithelial Cell Transfection
tion with lysis buffer. Immunoprecipitation was performed using 50 g total protein in a total volume of 250 l along with 1 l PKR mAb (HC 71/10 ascites fluid diluted 1:10 in PBS/ 0/1% bovine serum albumin; Questcor, Hayward, CA), and 20 l of protein
Measurement of Cytokine Protein and mRNA
A/G-agarose beads. After washing twice with each lysis buffer Cytokine proteins were measured by enzyme-linked immunosorand kinase wash buffer, the kinase reaction was performed by bent assay (ELISA). RANTES and IL-8 ELISAs were performed incubation (20 min, 30ЊC) of the beads in a volume of 40 l as previously described (7), and MIP-1␣ and eotaxin ELISA kits containing 10 mM Tris-Cl pH 7.6, 2 mM magnesium acetate, 50 were purchased from commercial sources (Biosource InternamM KCl, 7 mM mercaptoethanol, 20% glycerol, 0.83 mM MnCl, tional, Camarillo, CA), and the assays were conducted according 0.8 M ATP, and 180 Ci/mL (␥-P
32
) ATP. For a positive control, to the manufacturer's protocol. The sensitivity of the assays was a sample from unstimulated BE cells was treated with 100 ng/ml р 16 pg/ml, and the coefficient of variation was generally Ͻ 10%.
poly IC. After the reaction was complete, 80 l of 2ϫ SDS loading Total RNA was isolated from pelleted cells using a phenol/ buffer was added, the mixture was heated (100ЊC, 5 min), and chloroform reagent (Trizol; Life Technologies), and RANTES and samples (60 l) were resolved on a 10% SDS/PAGE gel, dried, G3PDH mRNA were analyzed using semiquantitative RT-PCR, exposed to a phosphor screen, and analyzed using the Storm Imas previously described (7) .
aging System (Amersham Biosciences). Phosphorylation of a distinct protein band at the expected MW of 68 kD was interpreted as evidence of PKR activation.
Cell Culture and Preparation of Whole Cell Extracts
Human BE cells were grown to 80% confluence in BEGM medium in 6-well tissue culture plates. After transfection with poly IC or p38 MAP Kinase Activity RV RNA in a liposomal suspension (Effectene; Qiagen), cells To detect p38 MAP kinase, cells were lysed in SDS gel-loading were washed twice with 3 ml phosphate-buffered saline (PBS) and buffer, and equal volumes of lysate were subjected to SDS/PAGE then scraped along with 1 ml PBS into a microcentrifuge tube.
electrophoresis. After transfer to nitrocellulose, total and activated The cells were centrifuged (1,500 RPM, 4ЊC, 10 min), drained, and (phosphorylated) forms of p38 MAP kinase were analyzed by then flash frozen in liquid nitrogen and stored at Ϫ80ЊC. After Western blot using specific polyclonal antisera (Cell Signaling thawing the cells on ice, a 15-l extract buffer was added to the Technology, Beverly, MA). cell pellet. The extract buffer consisted of 20 mM HEPES (pH 7.9), 350 mM NaCl, 20% glycerol, 1% IGEPAL CA-630, 1 mM MgCl 2 , 0.5 mM EDTA, and 0.1 mM EGTA, to which the following
Statistical Analyses
were added just before use: 0.5 mM dithiothreitol, 15 g/ml aprotinin, and 1:100 protease inhibitor cocktail (Sigma P-8340). The cells
Values for RANTES and IL-8 after activation with dsRNA were compared using two-way ANOVA, and factors considered inwere incubated on ice for 30 min with gentle mixing every 10 min. and fibroblasts can be activated by incubation with dsRNA, secretion was log 10 transformed to approximate a normal distribution, and were then analyzed by paired t test. P values of р 0.05
and it has recently been demonstrated that dsRNA can were considered to indicate statistically significant differences.
induce type-I interferon synthesis in murine cells through a toll-like receptor 3-dependent mechanism (16) . Therefore, experiments were conducted to determine the effects of
Results

dsRNA incubation on BE cells. Incubation with poly IC
Induction of RANTES and IL-8 Secretion by Transfection
(1-100 g/ml) induced vigorous secretion of RANTES of dsRNA (maximal 7.1 ng/ml at 100 g/ml versus 0 pg/ml in unstimuTo determine effects of dsRNA on epithelial cells, BE cells lated cells, Figure 2A ). Furthermore, incubation with poly were transfected with a liposomal suspension containing IC was a potent stimulus for IL-8 secretion (maximal 19.2 0-1,000 ng/well poly IC (synthetic dsRNA), and supernatant pg/ml versus 0.4 pg/ml in unstimulated cells, Figure 2B ). In fluids were collected 24 h later and analyzed for secretion contrast, poly IC did not have significant effects on the of the chemokines RANTES, IL-8, and eotaxin. Transfecsecretion of either MIP-1␣ or eotaxin (data not shown). tion of poly IC caused vigorous secretion of RANTES Kinetics of dsRNA-Induced RANTES ( Figure 1A ), which was maximal at 100-1,000 ng/well. Secretion of IL-8 also tended to be greater in the cells treated
To determine the kinetics of dsRNA-induced RANTES with poly IC (Figure 1B ), but eotaxin was not induced (data secretion, and effects on RANTES mRNA, BE cell mononot shown). In addition, transfection with the ssRNA analog layers in 6-well plates were incubated (0-8 h, 37ЊC) with poly U, plasmid DNA (data not shown), or mock transfecpoly IC (100 g/ml), and cell pellets and supernatants were tion did not increase secretion of either RANTES or IL-8 analyzed for RANTES mRNA and protein. RANTES (data not shown). Cytopathic effects were observed in cells mRNA was not detectable in cells at baseline, but was that were transfected with concentrations of poly IC in induced beginning at 2 h, with peak levels after 6-8 h incubaexcess of 1 g/well.
tion with poly IC ( Figure 3A) . Protein secretion was deThe effects of poly IC were then compared with those of tected after 4 h incubation, and was still increasing at the ds RV RNA synthesized by hybridization of complementary 8 h time point ( Figure 3B ). Additional experiments demonstrands of ss RV RNA. The poly IC and ds RV RNA were strated that protein secretion continues to increase for approximately the same size (ϳ 700 bp). Dose-response 24-48 h after the addition of poly IC (data not shown). curves for poly IC-and RV dsRNA-stimulated RANTES Poly IC Induces New Synthesis of RANTES ( Figure 1A ) and IL-8 ( Figure 1B) secretion by secretion were similar, except that suboptimal (1-10 ng/well) doses
To determine whether the increased RANTES secretion was due to newly synthesized protein or the mobilization of ds RV RNA were a more potent stimulus for RANTES secretion compared with equivalent amounts of poly IC of stores of intracellular chemokine, BE cell lysates were prepared either just before or 24 h after transfection with (P Ͻ 0.05). Furthermore, BE cells transfected with 1,000 ng/ well RV dsRNA secreted significantly increased amounts of poly IC (100 ng/ml). RANTES levels were very low (22-26 pg/ml) before transfection, and were greatly increased by IL-8 (3,506 Ϯ 491 pg/ml, compared with 1,457 Ϯ 391 pg/ml 
Effect of dsRNA on Induction and Activation of PKR
Because dsRNA activation of PKR is required for synthesis of interferons in fibroblasts and mononuclear cells (11), and cell monolayers were incubated with poly IC for 2-120 min, activation of nitric oxide in epithelial cells (17) , experiments washed, and cell lysates were prepared. Low level kinase were conducted to evaluate the potential role of PKR induction and activation in dsRNA-induced chemokine synthesis. activity was detectable in unstimulated cells: incubation of To evaluate the regulation of PKR synthesis in BE cells, BE cells with poly IC increased PKR kinase activity within cell monolayers were incubated with either poly IC (100 10 min, and PKR activation peaked at ‫ق‬ 60 min ( Figure 4B ). g/ml), tumor necrosis factor (TNF)-␣ (100 U/ml), IFN-␥ For a positive control, cell lysates from unstimulated BE (10 U/ml), or medium alone. Poly IC incubation induced cells were incubated with poly IC; this resulted in increased PKR protein after 16-23 h ( Figure 4A ). IFN-␥ also induced kinase activity (ϩ, Figure 4B ). PKR protein, although to a lesser degree, whereas TNF-␣ had no effect on PKR expression. None of the treatments Activation of NF-B by dsRNA affected the amount of intracellular actin.
Activated PKR can phosphorylate IB and thereby activate To determine effects of poly IC on PKR activation, BE NF-B (18), which is an important positive regulator for the transcription of many proinflammatory genes. To determine whether dsRNA activates NF-B in BE cells, cell monolayers were transfected with poly IC (100 ng/ml), or incu- cell lysates were prepared. Poly IC caused phosphorylation SB203580 tended to inhibit basal secretion of IL-8 (Table 1) , although these effects were not statistically significant. Neither inhibitor caused cytopathic effects at the concentrations used in these experiments.
Discussion
The results of these experiments demonstrate that either synthetic or RV dsRNA are potent and selective stimuli Figure 6 . Effect of poly IC on activation of p38 MAP kinase. BE for the secretion of RANTES and IL-8, but not eotaxin or cells were incubated with poly IC (100 g/ml) or TNF-␣ (100 MIP-1␣. RANTES was newly synthesized, as demonstrated U/ml), or medium alone, and cell extracts were prepared at the by increases in steady-state mRNA, and by the lack of specified time points. Phosphorylated p38 MAP kinase, total p38
RANTES protein in the lysates of epithelial cells that were MAP kinase, and actin were quantitated by Western blot. The not stimulated with dsRNA. The mechanism for these efblot is representative of a total of three experiments.
fects in BE cells involves dsRNA induction and activation of PKR, as well as activation of p38 MAP kinase and NF-B. Experiments with pharmacologic inhibitors suggest that PKR activation may be a key event in dsRNA induction of p38 MAP kinase that peaked after ‫ق‬ 70 min ( Figure 6 ).
of IL-8 and RANTES, and that p38 MAP kinase activation Neither PKR nor TNF-␣ affected the total amount of p38 contributes to dsRNA-induced secretion of IL-8 but not MAP kinase, nor the housekeeping gene actin, during this RANTES. When considered together, these results indicate time frame.
that dsRNA synthesis during the replication of viruses such as RV may be a principal mechanism for the synthesis and Effects of PKR and p38 Inhibitors on dsRNA-Induced RANTES Production secretion of specific chemokines. dsRNA has been shown to interact with at least two To assess the contribution of PKR and p38 MAP kinase intracellular enzyme systems, PKR and 2Ј5Ј oligoadenylate in dsRNA-induced RANTES and IL-8 secretion, BE cell synthase, although there is evidence in murine cells lacking monolayers (70% confluence, 6-well plates) were preincu-PKR and RNase L that dsRNA can also activate a third bated with either the PKR inhibitor 2-aminopurine (10 mM; as yet unidentified protein that causes downstream activaSigma), the p38 inhibitor SB203580 (10 M; Calbiochem, tion of MAP kinases (19) . Effects of dsRNA on PKR have San Diego, CA), or medium alone. Next, the cells were been best characterized; binding of dsRNA to PKR can treated with either poly IC (10-100 g/ml), or the combinacause dimerization, autophosphorylation, and PKR activation of TNF-␣ (100 U/ml) and IFN-␥ (10 U/ml), and the tion (11). Effects of PKR activation are diverse and include culture supernatants were collected 16 h later. 2-Aminopuinhibition of protein synthesis, which may be an important rine significantly inhibited poly-IC-induced increases in means to limit viral replication, and downstream activation RANTES (80% reduction) and IL-8 (92% reduction), and of NF-B and p38 MAP kinase (18) , cytokines (IL-6, in addition, tended to inhibit (P ϭ 0.08) secretion of IL-8 IFN-␤), and nitric oxide (17, 19, 20) . Although the effects in response to the combination of TNF-␣ and IFN-␥ of dsRNA and PKR on cell activation can vary with the (Table 1 ). In contrast, SB203580 inhibited the increase in type of cell, our experiments demonstrate that dsRNA also IL-8 secretion in response to either poly IC (85% reduction) activates NF-B and p38 MAP kinase in BE cells. These or TNF-␣ ϩ IFN-␥ (81% reduction), but had no effects on RANTES secretion (Table 1) . Both 2-aminopurine and results are in agreement with those of Erzurum and col- BE monolayers were incubated with either medium alone, the combination of TNF-␣ (100 U/ml) ϩ IFN-␥ (10 U/ml), or poly IC (100 g/ml) for 16 h in the presence (ϩ) or absence (0) of 2-aminopurine (2-AP) or SB203580 (10 M). Supernatants were analyzed for RANTES and IL-8 by ELISA. The data represent geometric means for four separate experiments.
* P Ͻ 0.001. † P ϭ 0.08. ** P р 0.01.
leagues, who also found that dsRNA could activate PKR In summary, these findings indicate that dsRNA is a potent and specific stimulus for the activation of RANTES and NF-B in primary cultures of airway epithelial cells (15). Because NF-B activation is a positive regulator of and IL-8 synthesis and secretion, and this may be a general mechanism through which the replication of ssRNA viruses IL-8 and RANTES promoter activity (21, 22) , it is likely that dsRNA effects on chemokine synthesis are at least (e.g., RV, influenza virus, respiratory syncytial virus) induce the production of these chemokines. Through the effects partially due to increased gene transcription, and we are now in the process of conducting additional experiments of RANTES, a potent chemoattractant for activated T cells and eosinophils, and IL-8, a principal chemoattractant for to test this hypothesis.
The experiments using pharmacologic inhibitors suggest neutrophils, dsRNA could potentially have dual effects during respiratory infections. T cells and granulocytes recruited that dsRNA activation of PKR is necessary for synthesis and secretion of both RANTES and IL-8. The observation to the airways are likely to contribute to antiviral activity. On the other hand, increased cellular inflammation could that the p38 MAP kinase inhibitor SB203580 blocks secretion of IL-8 but not RANTES provides evidence that there are also add to airway obstruction and dysfunction, leading to symptoms in the upper and lower airway. Further definition different signaling pathways involved in the upregulation of these two chemokines by dsRNA. One possible explanation of the regulation and function of chemokine secretion during viral infections, as well as the development of specific for this effect is that AP-1, which can be induced by p38 MAP kinase (23), is an important positive regulator of IL-8, chemokine inhibitors, will help to clarify the roles of these mediators in the pathogenesis of virus-induced respiratory but not RANTES, promoter activity. Interpretation of these results must be tempered by the inherent limitations of using symptoms and exacerbations of asthma. pharmacologic inhibitors, although SB203580 and 2-amino-
